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Abstract

The ferroelectric domain and surface of single crystal LiNbO; at the microscale to nanoscale level were engineered and
observed by scanning force microscopy (SFM). We used a near-stoichiometric LiNbO; crystal, that had a coercive field
of about one-ninth that of a conventional congruent LiNbO; crystal, as the sample. The z-cut LiNbO; crystals fixed on
metal substrates were polished to a thickness of approximately 5 um. Domain structures were patterned in the samples
with SFM, where the domains were inverted by scanning with the conductive cantilever while applying appropriate
voltages. We also preferentially etched the negatively polarized surfaces of the domains in the patternsin a 1:2 mixture
of HF and HNO; acid solutions. As a result, surface morphologies with patterned structures, such as mound-array, were
fabricated and these engineered structures in LiNbO; crystals could be used in the future to create additional unique
(smart) templates and devices.

Introduction

Lithium niobate (LiNbOs: LN, hereafter) is a ferroelectric materia that has superior electro-optical,
nonlinear-optical, piezoelectric and pyroelectric properties. Therefore, it is an attractive functional material for potential
use in light-wavelength-conversion, light-modulation, hologram-memory and micro-electromechanical-system (MEMS)
devices. In some of these, ferroelectric domain structures are artificially fabricated in the crystal, leading to induce
functions. For example, second harmonic generation (SHG) [1] and optical parametric oscillation (OPO) [2] devices
have been fabricated by utilizing quasi phase matching (QPM) [3], which is induced by the formation of periodically
poled domain structures at the microscale level. Thus, the availability of technology to arbitrarily fabricate domain
structures, such as gratings, in crystal is one of the most important factors affecting the development of optical devices
and MEMS. In addition, the availability of technology that allows us to arbitrarily fabricate surface morphology is aso
important in helping us develop these functional devices. However, in contrast with semiconductor device processing,
there are few appropriate means of engineering the surface morphology of LN crystals through physical etching
techniques. Surface engineering at the microscale level was recently demonstrated through a chemical etching technique,
where domain inversion was donein a LN crystal using photolithographic patterning followed by electric field poling.
The negatively polarized surfaces of the domains in the pattern were preferentially etched in a mixture of HF and HNO;
acids[4, 5].

We have investigated the microscale to nanoscale domain engineering of ferroelectric crystals through scanning
force microscopy (SFM) [6-8], which enables the polarization of ferroelectric domains to be inverted at the
submicroscale and even nanoscale level [9-14]. It also enables noninvasive observation of inverted domain structures.
The development of a technology to engineer domain and surface structures at the submicroscale and nanoscae level
will not only improve functions in conventional devices, but will also promote the creation of additional unique (smart)
templates and devices. In this study, we investigated the possibilities of constructing patterned domain structures within
the LN crystal with SFM and of processing the surface morphology by preferential etching, thereby making use of the
difference in the polarity of polarized facesin the domain patterns.
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Materials and experimental method

We used a bulky single crystal of LN as the material for the domain and surface engineering, because we thought
that the structural non-uniformity in the current LN thin film prepared by vapor deposition methods would probably
create serious problems at the nanoscale level. A single crystal of near-stoichiometric LN (with 1% MgO doping) was
grown with a new double-crucible Czochralski method, that we developed, that had an automatic powder supply system
[15]. There is a photograph of the clear LN single crystal in Fig. 1(a). Compared to a LN single crystal obtained with
the conventional Czochralski method using congruent melt, the LN single crystal obtained with our new method had a
composition close to stoichiometric (Li/Nb=1). Therefore, there were an extremely small number of nonstoichiometric
defects in the crystal and this contributed to superior optical properties [16-18]. Furthermore, the coercive field (electric
field to switch polarization of ferroelectric domain) was found to have decreased drastically [19]. A ferroelectric
hysteresis loop of the LN crystal was obtained by conventional measurement using liquid electrodes 4 mm in diameter
(LiCl solution in water) at room temperature (Fig. 1(b)). The hysteresis loop indicates that the polarization of the
domains can be inverted homogeneously by applying an appropriate electric field and the coercive fidd is
approximately 2.3 kV/mm. The coercive field is about one-ninth that of an LN crystal obtained by the conventional
Czochralski method using congruent melt. The decrease in the coercive field is extremely advantageous in domain
engineering with SFM, because polarization inverson is possible with a relatively low applied

voltage.
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Figure 1: (a) Photograph of near-goichiometric LN single crystal (with 1% MgO doping) grown by double-crucible
Czochraski method with automatic powder supply system (b) and ferroelectric hysteresisloop of LN crystal
obtained at room temperature by conventional measurement using liquid el ectrodes.

The LN single crystal, which has a single 180°-domain structure (polarization is paralel to z-axis), was cut
perpendicular to the z-axis. Gold films were deposited on one side of the cut plate-crystals and the surfaces covered
with these were attached onto metal substrates using conductive paste. The crystals on the metal substrates were
polished to approximately 5 um. The domain inversion of the LN samples, as we can see from Fig. 2, was achieved by
applying an appropriate dc bias voltage between the conductive cantilevers and metal substrates, where the latter were
grounded. We used conductive SFM cantilevers made of tetrahedral silicon tips with a radius of less than 25 nm, which
were coated with platinum/titanium metals. The resonance frequency and spring constant were 70 kHz and 2 N/m. The
tailored patterns of the inverted domain structures were fabricated by scanning the samples with the conductive
cantilevers while applying appropriate voltages. The piezoresponse mode of the SFM was expected to be able to
directly image the domain structures at nanoscale resolution. We imaged the fabricated patterns of the inverted

structures in this mode.



We investigated the etching properties of the LN crystal at
submicroscale to nanoscale levels with SFM. The z-cut LN
crystals, which had anti-parallel polarization of domains, were
etched in various mixtures of HF and HNO; acids for different
periods at 20 °C. Figure 3 has an example of the topography of
surface morphology after etching in 1:2 mixture of HF and
HNO; acids for 1500 s. The negatively polarized surface
(represented by —z-face) of the domain was preferentially
etched. The etching rate was determined by measuring the etch
depth of the —z-face. The LN samples subjected to domain
patterning with SFM were etched using 1:2 mixture of HF and
HNO; acids, and the surface morphologies after etching were
observed in the SFM topographic mode.

Domain engineering

We examined the shapes of inverted domainsin LN samples
under different bias voltages and over different periods of time.
Figure 4 shows the shapes of domains inverted by applying
voltage V = -40V for treatment times ranging from 1 to 4800 s.
The inverted domains in the figure are hexagonal (represented
by black areas); the shape originates from the LN crysta
structure. As the treatment times increased, the domains grew
from approximately 500 nm to 3.5 um. As the polarizations of
these inverted domains are directed from the bottom of the
crystal to the surface; the domain surfaces are positively
polarized (+z-face). In addition, when the treatment time was
fixed at 120 s, the inverted domains grew lineally from 500 nm
to 2.6 um as the voltage increased from 17.5 to -60 V. Figure
5(a) shows the relationship between domain size and treatment
time, and Fig. 5(b) that between domain size and bias voltage.
These indicate that inverted domains of arbitrary size can be
fabricated with SFM by controlling the bias voltage and
treatment time. When treatment time was decreased to less than
1s, adomain size of less than 500 nm was fabricated; however,
this domain disappeared with time. Yet, when an LN sample
polished to a thickness of approximately 3 um was used, the
resulting inverted domain of approximately 300 nm did not

Conductive Cantilever

Polarizatibn direction

LiNbO,

‘B O

Metal Substrate

Figure 2: Domain engineering method using SFM.
Polarizations of ferroelectric domains in
LN crystal were localy switched by
applying bias voltage using conductive
cantilever.
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Figure 3: SFM stereo-topographic micrograph of
surface  morphology after  etching.
Sample of z-cut LN crystal, which has
anti-parallel polarization of domains,
was etched in a 1:2 mixture of HF and
HNO:- acidsfor 1500 s at 20 °C.

disappear over time. This may have been because when a 5-um-thick LN sample was used the domain could not grow
penetrating through from the bottom to the surface; i.e., the domain structure was unstable in terms of electrostatic
energy. Recently, Cho et al. demonstrated that stable inverted-domains of 28 nm or less than one were formed in LiTaOs
single crystals when crystals thinned to approximately 100-nm thickness by dry etching were used [20].

We fabricated inverted domain structures with tailored patterns by scanning with a conductive cantilever on the LN
samples while applying the appropriate voltage. Figures 6 and 7 have examples of fabricated domain structures with a
linear pattern and a dot-array pattern, respectively. The linear pattern of the inverted domain (represented by black area)



was fabricated by scanning the sample with the cantilever at
the rate of 500 nm/s, while applying a voltage of V=-60 V. The
width of the linear inverted-domain in the pattern was
approximately 500 nm. The dot-array pattern, on the other hand,
was fabricated by scanning the sample with the cantilever,
while applying a voltage of V= -60 V on it repeatedly at 1 s
intervals. The size of the dotty inverted-domain in the pattern
was approximately 600 nm.

Surface engineering

We know that the —z-face is preferentially etched when an
LN crystal that is cut perpendicular to the z axis (with a 180°
domain) is immersed in a mixture of HF and HNO; acid
solutions [4, 5, 21]. We investigated the etching properties of
the LN crystal, such as etch rate and etched surface
morphology, with SFM to establish the appropriate conditions
for nanoscal e surface engineering. LN crystals with anti-parallel
polarizations in domains were etched in (1:0, 1:1, 1:2, and 0:1)
mixtures of HF and HNOj; acids from 60 to 2400 s at 20 °C.
SFM observation in the topographic mode (for example, Fig. 3)

Figure 4: SFM piezoresponse micrograph  of
ferroelectric  domains inverted by
applying bias voltage of V= -40 V for
various treatment times. Black and grey
areas correspond to +z- and —z-faces of
polarized domain.

revealed that the —z-face of the domain was etched in 1:2 mixture, but absolutely no etching occurred on the +z-face.
The step formed by etching, at the boundary of +z- and —z-faces, was very sharp. The etch rate of—z faces was
determined by measuring the etch depth. Figure 8 shows the relationship between the etch depth and the treatment times
in these mixtures. The etch depth in (1:0, 1:1, and 1:2) mixtures increased linedlly as the treatment times increased; but
absolutely no etching occurred in the 0:1 mixture (pure HNO3). The etch rate in (1:0, 1:1, and 1:2) mixtures of HF and
HNO; decreased as the HNOs concentration increased. The etching rate in the 1:2 mixture was 1/3 faster than that in the
1:0 mixture (pure HF). This indicates that the etch depth can be controlled at submicroscale to nanoscale levels by
changing the treatment time and HNO; concentration of the mixture. We also examined the roughness of the etched
surface with SFM imaging. Figure 9 (a) has topographic micrographs of surfaces morphologies formed by etching in
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Figure 5: (a) Relationship between domain size and treatment time with bias voltage of V =-40 and V = -60 V
and (b) relationship between domain size and bias voltage with treatment time of 120 s.
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Figure 6: SFM piezorespose micrographof linear Figure 7: SFM piezorespose micrographof
pattern made up of inverted-domains dot-array pattern made up of dotty
inverted-domains
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Figure 8: Relationship between etch depth and treatment timein (1:0, 1:1, 1:2, and 1:0) mixtures of
HF and HNO; acids at 20 °C.

1:2 mixture for 2400 s. The etch depth of the sample was approximately 200 nm. The peak-to-peak roughness of the
etched surface was approximately 9 nm. These indicate that the etching rate was sow and the etched surface with very
smooth morphology was obtained when 1:2 mixture was used. We consider this mixture is appropriate etchant for
nano-engineering the LN surface because the control of etch depth is easy at the nanoscale level.

We etched the LN sample with a patterned domain structure (which is shown in Fig. 7) using the 1:2 mixture. If the
LN sample attached onto metal substrate using conductive paste is immersed in a mixture of HF and HNO; acid
solutions, the metal substrate and the paste is damaged. Thus, the sample was etched by dripping one drop of the
mixture onto the surface and keeping it there for 3600 sec. Figure 10 is a topographic micrograph that represents the
sample surface morphology after etching. The —z-face (gray areain Fig. 7) was etched, but the +z-face (black area) was



not. As a result, mound-array structure with a radius of 600 nm and a height of 80 nm was fabricated. The etch rate
slowed down in comparison with the case (Fig. 8) in which the sample was immersed in the mixture. The radii of

Figure 9: (a) SFM stereo-topographic micrograph Figure 10 SFM stereo-topographic micrograph of
of LN surfaces etched in 1:2 mixture of mound-array ~ pattern  of  surface
HF and HNO; acids for 2400 s. morphology formed by preferentialy
etching in 1:2 mixure of HF and HNO;
acids for 3600 s.

mounds precisely matched those of the inverted domain dots (Fig. 7). In contrast, when the domain structure was
fabricated so that the dotted regions represented the —z-face, a surface structure with a cavity-array pattern was
fabricated [7].

Conclusion

We investigated the microscale to nanoscale engineering of the ferroelectric domain structure and surface
morphology of a near-stoichiometric LN single crystal with SFM. We were able to fabricate domain structures with
tailored patterns by controlling the magnitude of the bias voltage, polarity, and treatment time applied to LN samples
while scanning them with the conductive cantilever. In addition, we could fabricate surface morphologies with tailored
shapes on the LN samples by preferentially etching the negatively polarized face in the patterned domains using a 1:2
mixture of HF and HNO; acids. We believe that domain and surface engineering have great potential in the
development of additional unique (smart) templates, NEMS, and optical devices; i.e., photonic crystals with optica
properties controlled by externally applying voltage, light, or pressure could be created.
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